Cyclic C H, the free radical formed by substituting an ethynyl group CCH for the hydrogen atom in the 5 astronomical molecule c-C H, has been detected in the laboratory in a supersonic molecular beam by Fourier 3 transform microwave spectroscopy. Enough lines in the rotational spectrum have been measured to allow a deep search for this radical with radio telescopes. Contrary to theoretical prediction, c-C H is apparently unsymmetrical, 5 plausibly the result of pseudo-Jahn-Teller deformation.
now been found. By providing predicted rotational frequencies that turned out to be fairly accurate, a recent high-level quantum calculation by Crawford et al. (1999) of the geometrical structure of c-C H was of considerable benefit-although, as will 5 be seen, the symmetry of the molecule differs qualitatively from that predicted.
According to Crawford et al. (1999) , c-C H like c-C H has 5 3 a electronic ground state, is highly polar (with a dipole 2 B 2 moment of about 3.4 D), and is only slightly less stable (by about 5 kcal, or 0.22 eV) than the linear isomer of C H, which 5 has already been detected both in the laboratory (Gottlieb, Gottlieb, & Thaddeus 1986 ) and in space (Cernicharo et al. 1986 ). As shown in Figure 1a , the geometrical structure of c-C H is 5 predicted to be planar and highly symmetrical, with C sym2v metry (i.e., a twofold axis and two planes of symmetry). Owing to the Bose statistics of the two equivalent off-axis carbon nuclei, c-C H with C symmetry will possess in its vibrational 5 2 v and electronic ground state fewer rotational levels than an asymmetric-top molecule of the same geometrical structure but without equivalent nuclei. The allowed levels depend only on K, the projection of the rotational angular momentum along the symmetry axis. Because the electronic state is antisym-2 B 2 metric on exchange of the equivalent carbon nuclei, only rotational levels with odd K occur; these too are antisymmetric on exchange, and the total wave function is therefore symmetric as required. As a result, at the low temperature of our supersonic beam ( K), only the two rotational ladders
should be appreciably populated.
The rotational spectrum of c-C H was detected by Fourier 5 transform microwave (FTM) spectroscopy of a rotationally cold supersonic molecular beam containing the products of an electrical discharge through a hydrocarbon vapor heavily diluted (to about 0.5%) in an inert buffer gas . The observed transitions have the characteristic signature of an asymmetric-top radical with an unpaired electron and a single proton: specifically, tight hyperfine doublets (Fig. 2) within wider spin doublets, with certain components missing at low J owing to the angular momentum selection rules. Contrary to the ab initio prediction, however, we also observe transitions in the supposedly forbidden ladder at comparable in-K p 0 tensity to those in (Fig. 2) . The C symmetry of the K p 1 2v molecule is evidently broken. Although Crawford et al. (1999) conclude that the symmetry of c-C H is C , they also find 5 2 v evidence for some interaction between the ground state and 2 B 2 a low-lying state of the kind required for a pseudo-Jahn-
The transitions that have been detected are shown in the rotational level diagram of Figure 3 ; the measured frequencies are given in Table 1 , the derived spectroscopic constants in Table 2 , and predicted frequencies in the 3 mm band in Table 3. The evidence is extremely strong that the assigned lines in Table 1 are produced by c-C H and no other molecule. The 5 lines vanish when the discharge is turned off, so they must be the result of a molecule synthesized in situ, not an impurity in the precursor gas. They occur when either Ar or Ne is used as the buffer gas, so they are not the result of a van der Waals complex with a rare gas atom. They are evidently those of a hydrocarbon, not a pure carbon molecule, because in addition to the buffer gas, only hydrogen and carbon are present in the discharge, and the lines vanish when D is substituted for H in the precursor stream. The lines moreover exhibit the pronounced Zeeman effect expected for an open-shell molecule when a permanent magnet is brought near the molecular beam. Very specific evidence of the identification is provided by the detection of lines from both the and 1 ladders in the K p 0 deuterated isotopic species c-C D at exactly the expected iso-5 topic shift (to within 0.5%). As Table 2 also shows, the spectroscopic constants that we determine are in excellent agree-L66 CYCLIC C 5 H RADICAL Vol. 547 The energy separation of the two rotational ladders, shown here in the limit of zero-inversion frequency, is uncertain to at least 100 GHz. ment with those calculated ab initio or expected on other grounds. Finally, no lines have been detected at subharmonic frequencies (e.g., midway or one-third of the way between successive transitions) to indicate that we are observing a larger molecule than c-C H.
5
An acceptable fit to the data has not been achieved on the assumption that c-C H is a fairly stiff molecule and that the 5 double bond in Figure 1b is frozen in place, oscillating or inverting with respect to the single bond above the a-axis at a negligibly low frequency. Specifically, when the and 1 K p 0 ladders are analyzed jointly in terms of the Hamiltonian of an asymmetric top with centrifugal distortion, unrealistic centrifugal distortion constants are found. The inversion frequency is apparently significant, and the and 1 rotational ladders K p 0 must be regarded as belonging to distinct vibrational states with somewhat different rotational constants, just as in well-known inverting molecules such as ammonia and cyanamide. On that assumption, when the and 1 ladders are analyzed sep-K p 0 arately, a very good fit to the data and an acceptable set of spectroscopic constants (Table 2) are achieved. The predicted 3 mm lines in Table 3 are calculated from these best-fit constants.
Similar considerations of symmetry and inversion apply if c-C H is nonplanar (e.g., bent where the ring joins the CCH 5 group) rather than distorted in the plane. Such a structure, however, is probably ruled out by the fairly small positive inertial defect that we derive ( Note.-Frequency uncertainties are an estimated 5 kHz (2 j). Calculated frequencies are derived from the constants shown in Table 2 . Note.-Uncertainties (1 j) are in units of the last significant digit.
a From a TZ2P/EOMIP-CCSD calculation of Crawford et al. 1999. b From C H ring chain (Travers et al. 1997) . there is no evidence for an out-of-plane minimum in the potential energy surface of the molecule or for an in-plane minimum to explain the distortion in Figure 1b . In either case, barrier tunneling presumably would be inhibited by the fairly large mass of c-C H, and a quite small dimple in the potential, 5 a subtle effect that the present calculations cannot account for, might explain a low-inversion frequency. With the present data, only a rough limit can be placed on the inversion frequency; to account for the population of the upper inversion level in our rotationally cold supersonic beam, it is probably less than about 3 cm . Measuring it will require detection of the tran-
Ϫ1
sitions connecting the and 1 ladders, but given the mod-K p 0 est signal-to-noise ratio of our lines here and the large uncertainty in the inversion frequency, that would require, in the radio band, a prohibitively large frequency search. As in the classic case of NH , optical or infrared spectroscopy of c-C H 3 5
is probably a prerequisite to a radio measurement of the inversion frequency.
To better determine the centrifugal distortion of c-C H, we 5 have attempted to detect transitions above the 43 GHz ceiling of our FTM spectrometer with a free-space spectrometer in two frequency bands: 164-192 and 92-113 GHz. In integrations of several hours, no lines were detected, but limits were set that are at least 50 times lower than the intensities of the lines of linear C H. Fortunately, this failure is no impediment to an as-5 tronomical search in the two prime sources for carbon chains. TMC-1 is an especially cold source with very sharp molecular lines only about 1 km s wide, and therefore very accurate rest Ϫ1 frequencies are required for unambiguous identifications. However, the strongest lines of c-C H in this source probably lie 5 below 43 GHz and therefore are covered by the direct measurements in Table 1 ; these measurements are good to a small fraction of 1 km s . In the warmer source IRC ϩ10216, the Ϫ1 strongest lines probably lie somewhere between 70 and 140 GHz and have not been measured directly, but lines in this source are so broad, of order 30 km s , that the uncertainties on the pre-Ϫ1 dicted frequencies (Table 3) Table 3 was obtained from a published spectrum that was observed with the IRAM 30 m telescope (Guélin et al. 2000, their Fig. 1) . From these data, we estimate that the column density of c-C H is less than cm , 13 Ϫ2
1 # 10 5 which is about 4 times less than that of the linear isomer of this radical (Cernicharo, Guélin, & Kahane 2000) . Because the smaller cyclic radical c-C H is only 2 times less abundant than in Figure 1 with a nitrile group CN, is a plausible candidate for detection. A linear isomer of this molecule, calculated to have a electronic ground state and a very small dipole 2 P moment (0.14 D; Pauzat, Ellinger, & McLean 1991) , was recently detected with our FTM spectrometer; in spite of the small dipole moment, the rotational lines were observed in only a few minutes of integration, suggesting that the cyclic isomer may be fairly easy to find. Astronomical detection too is plausible because the nearly equally large radicals C N and C H 3 4
are both conspicuous in IRC ϩ10216 . The rotational spectrum of c-C N is expected to be similar to 4 that of c-C H, and the distinct spectroscopic signature of ni-5 trogen quadrupole hyperfine structure (hfs) would assist identification. Unfortunately, the structure, dipole moment, and isomeric energy of c-C N do not appear to have been calculated.
4
The radicals obtained on the substitution of still longer carbon chains (e.g., C N and C H) may also be within reach. In terms 3 4 of molecular structure, it would be of interest to determine whether these hypothetical ring-chain radicals are highly symmetrical, with C symmetry like c-C H, or whether they are 
